ABSTRACT The coalescent process for prokaryote species is theoretically considered. Prokaryotes undergo homologous recombination not only with other individuals within the same species (intra-specific recombination) but also with other species (inter-specific recombination). This work particularly focuses the latter because the former has been well incorporated in the framework of the coalescent. We here developed a simulation framework for generating patterns of SNPs (single nucleotide polymorphisms) allowing integration of external DNA out of the focal species, and a simulator named msPro was developed. We found that the joint work of intra-and inter-specific recombination creates a complex pattern of SNPs. The direct effect of inter-specific recombination is to increase the amount of polymorphism. Because inter-specific recombination is very rare in general, it creates a regions with an exceptionally high level of polymorphisms. Following an inter-specific recombination event, intra-specific recombination chop the integrated foreign DNA into small pieces, making a complicated pattern of SNPs that looks as if foreign DNAs were integrated multiple times. This work with the msPro simulator would be useful to understand and evaluate the relative contribution of intra-and inter specific recombination to creating complicated patterns of SNPs in prokaryotes.
undergo meiosis, and therefore their recombination mecha- elements, frequently associated with plasmids ( Figure 1C ).
72
It is known that such incorporated DNA from outside of the 73 cell is usually harmful when integrated into the host genome,
74
so that there are a number of mechanisms to avoid integra- events 3, 4, 5, and 6 in Fig. 2A ), and homologous recom-174 bination separates the lineage into two (e.g., event 1, and 2
175
in Fig. 2A ). For example, event 1 in Fig. 2A by a black box with a yellow star in Figure 2B . proceeds such that the length of transferred tract, z, follows a 258 geometric distribution, with mean tract length = λ bp:
where q = 1/λ. This assumption is supported by empiri- gous recombination per generation is given by
where R in is the rate of gene conversion initiating inside the 269 region and R left is the rate outside the region but ending 270 within the observed sequence. R in and R left are given by
Assuming all recombination is neutral, this rate (g ) is iden-272 tical to the backward recombination rate, which can be di- should remember that this is a conventional approximation.
310
More strictly, if we consider the three mechanisms sep- arately, denote by g tf , g td , and g cj , respectively, the initia- 
where q tr = 1/λ tr , q td = 1/λ td , and q cj = 1/λ cj . h is given by
where R h in is the rate of recombination initiating inside the re- 
where Q ext (z ) is calculated by integrating the joint proba-
h is written as
Mutation: Once an ancestral recombination graph is con- 
Results and Discussion

485
We carried out simulations to generate a number of pat-
486
terns of SNPs to demonstrate the effect of homologous re- clearly demonstrates that π is given by a simple liner func-528 tion of hξd.
529
In Figure 4B , a moderate level of recombination within 
Figure 4
Typical patterns of SNPs with inter-specific recombination from external source with no intra-specific recombination (A; 2N g = 0), with a moderate level of intra-specific recombination (B; 2N g = 0.001), and with a high recombination rate (C; 2N g = 0.005). Vertical bars indicate the locations of point mutations in the simulated region with L = 5000 bp. The regions that experienced inter-specific recombination are specified (Regions 1-6), and neighbor-jointing trees for these regions are shown in comparison with other regions with no inter-specific recombination. The breakpoints of inter-specific recombination events are presented by red allows, while blue ones exhibits intra-specific recombination events that fragmented the integrated foreign DNAs shown in red boxes. Figure 4A .
546
With even a higher intra-specific recombination rate 547 (2N g = 0.005) in Figure 4C , fragmentation is more en- Cartoons of the typical behavior of population frequency of a foreign DNA, (A) without intra-specific recombination and (B) with intra-specific recombination. The time of the foreign DNA introduced into the population is denoted by a thick black arrow, producing a recombinant haplotype in which the integrated DNA is specified by a red box and arrows. (A) When there is no intra-specific recombination, the population consists of two haplotypes, the original and recombinant haplotype. (B) When intra-specific recombination is involved, the integrated DNA could be fragmented by recombination, thereby creating various kinds of recombinant haplotypes, each of which should have only a part of the integrated DNA. Additional breakpoints by intra-specific recombination are shown by blue arrows. In such a situation, the number of individuals having at least a part of part of the integrated DNA is much larger than the case with no recombination (A), while the length of integrated DNA is shorter.
foreign DNA independently. Indeed, when applied to one 
Figure 7
Application of GENECONV to a simulated region (n = 10, L = 30, 000 bp), in which a 2000 bp of foreign DNA was integrated 0.94N generation ago (red boxed), followed by three additional intra-specific recombinations that fragmented the foreign DNA. The breakpoints of inter-specific recombination events are presented by red allows, while blue ones exhibits intra-specific recombination events that fragmented the integrated foreign DNAs. Vertical bars indicate the locations of point mutations. GENECONV with the default setting identified 11 integrated tracts (purple horizontal bars), making it look as if there is a hotspot of integration.
larger when ξ is larger. These findings should be useful to im- as ms does. msPro will be available upon request.
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It should be noted that our simulator runs after specify- 
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The expression in the first curly bracket means the case that 
where θ = 2N µ and φ = 2N hλd, and the terms with h or µ 962 as factors are ignored. P * is corresponding to the expectation 963 of π in our framework. 
